Abstract. The corrosion of mild steel in 0.5 M H 2 SO 4 acid solution and the inhibition process by wheat starch (WS) was investigated using weight loss and potentiodynamic polarization measurement techniques respectively. Gravimetric results revealed that there is significant reduction in the corrosion rate of mild steel in the presence of inhibited solution compared to blank solution, and also the inhibition efficiency was found to depend on the concentration of the WS. Data on potentiodynamic polarization results confirmed that WS exhibited mixed type inhibition behaviour, though the cathodic effect was more pronounced. The mode of WS adsorption on the corroding metal surface followed Langmuir isotherm model. In addition, the trend of inhibition efficiency with temperature, activation energy and heat of adsorption parameters revealed a strong interaction between the WS constituents and the corroding metal surface, thus indicating that WS lowered the corrosion process by blanketing the mild steel surface through chemical adsorption mechanism. The mechanism of inhibition was discussed in the light of the chemical structure of starch.
Introduction
Metals and alloys are enjoying wider acceptance in structural and fabricating applications in the industrial sectors due to excellent mechanical performance or behaviour associated with them. Corrosion of metal and alloy is a degradation of metal and alloy as a result of environment surrounding them. It is a non preventable phenomenon but can be controlled through the use of some macromolecules [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] , organic compounds [11] [12] [13] [14] [15] [16] or extracts from natural plants [17] [18] [19] [20] [21] [22] [23] as corrosion inhibitors. Polymers are macromolecules formed by the repetition of smaller molecules (monomers) that are covalently bonded together. They are widely used as plastics, textile materials, rubber, adhesives, drilling mud, binders and thickeners in surface coating, dyes, pigments, etc. because of ease of processing and modifying the physical and chemical properties of polymers. The utilization of some polymeric materials (natural and synthetic) in controlling corrosion of metals and alloys in various aggressive environments has gained wider acceptance as a result of some inherent properties of the polymers which include: biodegradability, non-toxicity, readily availability, low cost, renewability, water solubility, etc. Polymers and their blends are preferred more than simple organic compounds as inhibitors for corrosion control because they possess multiple functional and substituent groups either in their back bone or side chains which act as regions at which electrons are donated or accepted from surface charge on the metal. Some organic compounds are effective corrosion inhibitors due to presence of hetero-atoms (nitrogen, sulphur, oxygen, etc.) combination of the atoms in their molecular structures [24] [25] [26] [27] . Polymers functioned as effective corrosion inhibitors even at low concentrations [28] by forming complexes through their multiple functional and substituent groups with the metal ions which are adsorbed on metal surface and formed protective films at interface between metal and aggressive solution [29] . The inhibitive performance of polymers may be related to the molecular structure and solubility parameter of the polymers in various solvents of exposure. Recently, greater attention is being directed towards the utilization eco-friendly polymers in controlling of metal corrosion in acid induced environment in attempt to protect our environment, safe guard human life, save our economy and reduce the material loss. Among the eco-friendly polymers used in controlling metal corrosion in aggressive media starch (biopolymer) has not been utilized much [30] [31] [32] in the field of corrosion science despite the different sources of starch.
To the best of our knowledge, there has been any work in the scientific literature that reported the use wheat starch as the corrosion inhibitor for mild steel in sulphuric acid solution environment. This, however, informed our decision to investigate the effectiveness of wheat starch as a corrosion inhibitor. The purpose of this work is to investigate the inhibiting effect of wheat starch as corrosion inhibitor for mild steel in 0.5 M H 2 SO 4 solution using weight loss and potentiodynamic polarization measurement techniques.
Materials and Method

Metal Preparation
The mild steel sheet (with percentage composition of C = 0.06, Si = 0.03, Mn = 0.04, Cu = 0.06, Cr = 0.06, and remainder Fe) was mechanically press-cut into coupons of dimension, 3cm x 4cm x 0.1cm. The coupons were degreased in absolute ethanol, dried in acetone and warm air and subsequently stored in moisture-free desiccators prior to use.
Test Solutions
Sulphuric acid used was of BDH AR grade. Other reagents (Sodium hydroxide, acetone and ethanol) used for the research were of Analar grade and double distilled water was used for preparation blank and inhibited solutions. The blank corrodent was 0.5 M H 2 SO 4 solution. The inhibitor wheat starch (WS) used was processed using a method described elsewhere [33] . Test solutions of the WS were prepared in the concentration range 0.2 -0.8 g/L.
Weight Loss Experiment
The cleaned and weighed coupons were suspended using glass hooks and rods in beakers containing 200ml test solutions. All experiments were performed under total immersion conditions of the aerated and unstirred test solutions at room temperature (30± 1 O C). Weight loss was determined with respect to time by retrieving the coupons from test solutions, cleaned, dried, and reweighed respectively at 24 hours intervals progressively for 5 days. The difference between the weight of the coupons at a given time and its initial weight was taken to be weight loss. All tests were run in triplicate to obtain good reproducibility data and average values for each experiment obtained were used in subsequent calculations. The value of corrosion rate was determined using Equation 1 stated below:
where ∆W is the weight loss in gram (g), ρ is the density of the mild steel coupons (g/cm 3 ), t is the time of exposure (h) and A is the exposed surface area of the coupons (cm 2 ). The percentage inhibition efficiency (I.E %) was calculated according to Equation 2 stated as follows:
where CR inh is the corrosion rate in the presence of inhibitor and CR blank is the corrosion rate in absence of inhibitor.
Potentiodynamic Polarization Experiment
The potentiodynamic polarization measurements were performed in a computer controlled electrochemical workstation (PARC-263 model). The experiments were carried out in a cylindrical glass electrolytic corrosion cell with graphite rod as counter electrode (CE), saturated calomel electrode (SCE) as reference electrode (RE) and metal coupon as the working electrode. The
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IJET Volume 10 working electrode was immersed in the test solution and allowed to corrode freely for 30 min to attain open circuit potential (OCP). The potentiodynamic polarization results were obtained in the potential range of ± 250mV versus corrosion potential using linear sweep technique at a scan rate of 0.333mV/s. All the measurements were carried out at room temperature (30 ± 1 O C). The potentiodynamic polarization data was used to extrapolate the data using Power suite software. Each test was run in triplicates to verify the reproducibility of the system. The inhibition efficiency was calculated from the Equation 3 stated as follows:
where I 1 corr is the corrosion current in the presence of inhibitor whereas I 2 corr is the corrosion current in the absence of inhibitor.
Results and Discussions
Weight Loss Measurement Result:
Effect of Inhibitor Concentration: The effect of inhibitor concentration on the corrosion rate and inhibition efficiency of mild steel in 0.5 M H 2 SO 4 solution was studied using weight loss measurement. The results obtained depict that wheat starch decreased the corrosion rate of mild steel in the acidic solution (Table 1 ) and also inhibition efficiency increases with rise in the inhibition concentration at all concentrations used in the study. This could be attributed to the presence of two glucose polymers (amylopectin and amylose) and glucose in the starch molecule since starch is partially converted to glucose unit in the acid solution [34] . Furthermore, it is observed that inhibition efficiency of 90.48% was obtained at the highest inhibitor concentration. The result of inhibition efficiency exhibited by wheat starch and starch from millet reported elsewhere [22, 23] in regulating corrosion of metal in aggressive environment varies. The variation could be attributed to the following factors. (a) Amylose and amylopectin percentage of starch: Amylose molecule contains several thousands of glucose unit whereas amylopectin molecule has up to two million of glucose unit. Hence, in solution amylopectin molecule releases more glucose units than amylose molecule, that is, more hydroxyl groups (-OH) and aromatic groups which are responsible for the inhibition process. (b) Availability of glucosidic linkage: Amylose molecule has 1, 4 glucosidic bonds which make the molecule possess high density, hydrolyze more slowly and become insoluble. Amylopectin molecule has 1, 6 glucosidic bonds which make the molecule to be soluble and degrade quickly because it has many end points onto which enzymes can attach. (c) Presence of hetero-atoms within the starch structure and (d) The interaction between the metal surface and constituents of starch. The values of corrosion rate and inhibition efficiency obtained from weight loss measurement at different concentrations of WS at room temperature (30±1 O C) are summarized in Table 1 . 
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Acid Concentration Effect: Fig. 1 illustrates the increasing effect of acid concentration from 0.5 M to 3 M on the inhibition efficiency of WS on mild steel corrosion at the highest inhibition concentration (0.8g/LWS) studied. It is clearly seen from this plot that increase in H 2 SO 4 concentration decreased the inhibitive performance of WS from 87.15% to 60.09%. It has been reported [35] that some organic inhibitors become more protonation in the presence of strong acid concentration, thus leading to better inhibition efficiency. But, the decrease in inhibition efficiency of WS with increase in acid concentration is an indication that WS did not show more protonation at increased acid concentration. Also, the decrease in inhibition efficiency of WS with increase in acid concentration could be attributed to presence of more corrosive agent in the inhibited solution which increased the aggressiveness of solution and desorption of WS on the mild steel surface. Fig. 2 showed the plot of inhibition efficiency against immersion time. It is observed from Fig. 2 that inhibition efficiency of wheat starch increased with increasing immersion time, reaching the maximum efficiency on days 3 and showed gradual decrease in the subsequent days. The increase in inhibition efficiency with time may be attributed to strong stability of the glucose components adsorbed on the mild steel surface whereas the decrease in inhibition efficiency with time reflects desorption of glucose components from the mild steel surface, resulting in a reduced surface coverage [36] . 
Potentiodynamic Polarization Result
The effect of wheat starch on the anodic and cathodic reaction processes of mild steel corrosion in 0.5 M H 2 SO 4 solution was investigated using potentiodynamic polarization measurement. The polarization curves obtained were shown in Fig. 3 . It is observed that anodic and cathodic reaction processes obeyed Tafel's Law and the corrosion potential (E corr ), corrosion current densities (i corr ), the cathodic (b c ) and anodic (b a ) Tafel slopes were computed from polarization curves and presented in Table 2 . In addition, the values of cathodic and anodic current decreased in the presence of WS in comparison with the blank solution, thus indicating that wheat starch modified the mechanism of anodic dissolution of mild steel as well as cathodic hydrogen gas evolution. The observed shift in corrosion potential (E corr ) was towards the negative direction, suggesting that addition of WS had a more pronounced cathodic effect which is in agreement with the reports elsewhere [37] . The trend increased with increased concentration of the WS. The displacement of E corr between the blank and inhibited solution is less than 85 mV, showing that WS is a mixed-type inhibitor [38] . 
Temperature Effect
The temperature effect on the corrosion behavior of mild steel in the absence and presence of WS was investigated by performing gravimetric experiments at 30 -60 O C and immersion time of 5h. The results as shown in Table 3 demonstrate that both corrosion rate and inhibition efficiency increased with rise in temperature. This distinct behaviour exhibited WS is concentration dependent within the inhibitor concentration used in the study. The increase in inhibition efficiency with increasing temperature suggests strong adsorption interaction between the surface charge on the metal and the WS. This behavior corresponds to chemical adsorption, thus indicating that within the temperature of study there is no manifestation of adsorption-desorption phenomenon towards adsorbed inhibitor [39] on the metal surface. In addition, stability of the adsorbed inhibitor at higher temperature was not reduced despite the increase in agitation resulting from higher rates of hydrogen gas evolution [40, 41] . There is slight difference between the inhibition efficiency values of WS obtained at 6 h and 24 h immersion period respectively, thus confirming better molecular effect at elevated temperature due to more dissolution and diffusion. 
Adsorption Isotherm Consideration
To understand the nature of interaction between the surface charge on the metal and adsorbed inhibitor during metal corrosion, adsorption isotherm was used to explain the adsorption characteristic of the inhibitors. This is because the protective action of inhibitors depends on the adsorption abilities of their functional groups, molecular structure, etc. which lead to the formation protective layer the separates the metal surface from corrosion medium. Therefore, the relationship between the degree of surface coverage (θ) defined by IE/100 and inhibitor concentration (C) established by Langmuir adsorption isotherm Equation (4) was used to determine the adsorptiondesorption equilibrium constant, K ads at the different temperatures as shown below:
Plots of C/θ against C for corrosion of mild steel in 0.5 M H 2 SO 4 in the presence of different concentrations of WS is shown in Fig. 4 .
Linear The results show that the adsorption-desorption equilibrium constant (K ads ) increased with increasing temperature, indicating better adsorption of WS onto the steel surface at elevated temperatures. In addition, at elevated temperatures adsorption-desorption equilibrium did not tend towards desorption of inhibitor from the metal surface due to enhanced molecular effect observed. 
Apparent Activation Energies
The relationship between the rate of corrosion and apparent activation energy (E a ) in the presence of temperature during corrosion inhibition process of metal in the absence and presence of WS was evaluated using Arrhenius Equation 5 stated below:
where E a is the apparent activation energy for the corrosion process. CR 2 and CR 1 are the corrosion rates at temperatures T 1 and T 2 respectively. The values of the calculated activation energy were given in Table 4 . Careful inspection of Ekanem, et al., 2010 [42] that when the value of activation energy (E a ) in inhibited solution is greater than that of blank solution, it shows that the inhibitor is physically adsorbed on the corroding metal surface while either unchanged or lower activation energy, E a in the presence of inhibitor suggests that the inhibitors are chemically adsorbed on the corroding metal surface.
Heat of Adsorption Studies
To an insight on mechanistic studies of the corrosion and inhibition process of mild steel in 0.5 M H 2 SO 4 in the presence of WS at different temperatures, an estimate of the heats of adsorption (Q ads ) was obtained from the trend of degree of surface coverage (θ) with temperature according to Equation 6 stated below:
) − log (
where θ 1 and θ 2 are the degrees of surface coverage at temperature T 1 and T 2 . The calculated values of the parameter are given in Table 4 . Examination of Table 4 revealed that the calculated values of heat of adsorption (Q ads ) for mild steel corrosion in 0.5 M H 2 SO 4 in presence of WS at different temperatures had positive values. This is an indication that the degree of surface coverage increased with rise in temperature [43] and thus, supporting the earlier proposed chemisorption mechanism adsorption of WS on mild steel surface. In addition, the fluctuation observed in the values of Q ads with increase in temperature is as a result of adsorption -desorption behaviour of protective film. 
Mechanism of Inhibition
Corrosion inhibition of mild steel in 0.5 M H 2 SO 4 in presence of WS can be explained on the basis of molecular adsorption [44] through the chemical constituents of starch. WS inhibits the corrosion of mild steel by controlling both the anodic and cathodic reactions. From data presented in Table 2 it is clear that WS inhibits the corrosion of mild steel by blanketing the anodic and cathodic sites. The main constituents of starch are amylose and amylopectin molecules which are partially hydrolyze to glucose units in acidic solution and the glucose units possess a number of hydroxyl (-OH) groups and a number of aromatic rings. These organic molecules are adsorbed on the metal surface, thus forming a protective layer and hence exhibit anti-corrosive behaviour [45] . These glucose units of starch could be adsorbed on the metal/corrodent interface by one and/or more of the following ways: (i) donor-acceptor interactions between the π-electrons of aromatic ring and vacant d-orbital of surface iron atoms, (ii) interaction between unshared electron pairs of hetero atoms and vacant d-orbital of iron surface atoms, (iii) electrostatic interaction of protonated molecules with already adsorbed sulphate ions.
Conclusion
The results from weight loss measurement confirmed that control of corrosion of mild steel in 0.5 M H 2 SO 4 using wheat starch (WS) is a feasible possible, thus indicating that WS is an efficient inhibitor for mild steel corrosion with maximum inhibition efficieny of 90.48% for 72 h at room temperature. The efficiency of the inhibition showed corresponding increment with increase in the
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IJET Volume 10 amount of WS, thus suggesting that inhibition effectiveness of WS was concentration dependent due to adsorption on the corroding metal surface. Potentiodynamic polarization results reveal that WS acts as a mixed type inhibitor but the effect on the cathodic reactions is more predominantly controlled. The mode of adsorption of WS on the corroding metal surface was best modelled using Langmuir adsorption isotherm. In addition, the trend of inhibition efficiency with temperature, calculated values of activation energy and heat of adsorption supported the proposed adsorption mechanism. Finally, the mechanism of corrosion inhibition of mild steel using WS was attributed to the chemical constituents of starch, and results of weight loss and potentiodynamic polarization measurement are in good reasonable agreement.
